Protein-protein interaction in response to environmental conditions enables sophisticated biological and biotechnological processes. Aiming towards the rational design of a pH sensitive protein-protein interaction, we engineered pH-sensitive mutants of Streptococcal protein G B1, a binder to immunoglobulin G (IgG) constant region. We systematically introduced histidine residues into the binding interface to cause electrostatic repulsion on the basis of a rigid body model. Exquisite pH sensitivity of this interaction was confirmed by surface plasmon resonance and affinity chromatography employing a clinically used human IgG. The pH-sensitive mechanism of the interaction was analyzed and evaluated from kinetic, thermodynamic and structural viewpoints. Histidine-mediated electrostatic repulsion resulted in significant loss of exothermic heat of the binding that decreased the affinity only at acidic conditions, thereby improving the pH sensitivity. The reduced binding energy was partly recovered by "enthalpy-entropy compensation". Crystal structures of the designed mutants confirmed the validity of the rigid-body model on which the effective electrostatic repulsion was based. Moreover, our data suggested that the entropy gain involved exclusion of water molecules solvated in a space formed by the introduced histidine and adjacent tryptophan residue. Our findings concerning the mechanism of histidine-introduced interactions will provide a guideline for the rational design of pH-sensitive protein-protein recognition.
Molecular interactions govern a number of biological processes including metabolism, signal transduction and immunoreaction. A better understanding of the molecular basis for these interactions is crucial for a complete elucidation of biological phenomena and redesign of interactions for drug discovery and industrial biotechnology applications. Interactions between biomolecules are generally characterized by their affinity, specificity, and environmental responsiveness such as sensitivity to pH. Such pH-dependent ligand binding enables biological processes to function in an "on and off" manner in response to environmental conditions, resulting in sophisticated systems of regulation e.g., pheromone production (1,2), immune systems (3) (4) (5) and mechanisms of virus survival (6) .
From an industrial perspective, pH sensitivity is advantageous to various fields such as drug delivery systems for medications (7) , biosensing techniques (8, 9) and affinity chromatography (10, 11) . Although structure-based protein design is a promising technique for improving molecular function (12) (13) (14) (15) , it is yet difficult to specifically modulate pH sensitivity of a protein-protein interaction without an associated loss of inherent function and/or structural stability. Some naturally occurring proteins undergo substantial conformational change by pH shift, thereby achieving pH-dependent binding for small molecules (2, 4, 16, 17) . However, artificial design of an equivalent mechanism involving conformational change is highly problematic. Indeed, proteins have multiple degrees of freedom and consist of a large number of atoms. Therefore, given that the resulting protein must maintain both its innate binding ability and structural stability, the system appears too complicated for rational design. By contrast to the method based on conformational change, a rigid-body-based model (i.e. introduction of electrostatic repulsion or attraction into a binding interface between rigid protein domains) could be a more promising approach for pH switching. Naturally occurring proteins with pH sensitivity generally conserve histidine residues (18) (19) (20) (21) , which function as a pH switch at slightly acidic conditions (~pH 6.5) near the pKa of the histidine side chain. In the presence of a histidine residue at a binding interface, dissociation under acidic conditions would be driven by electrostatic repulsion between rigid domains without conformational change (Figure 1 ). This mechanism is rather simple and applicable to protein engineering (22, 23) . However, to our knowledge, it still remains unclear how systematic design should be carried out and, in particular, how histidine-mediated electrostatic repulsion influences protein-protein interactions. Indeed, very little experimental data is available for the molecular basis of histidine-introduced protein binders.
To better understand the design methodology for a pH-sensitive protein-protein interaction, we generated a number of pH-sensitive Streptococcal protein G B1 (24) mutants by rationally introducing histidine residues onto the binding surface. Protein G, a bacterial Fc receptor to the constant region of IgG, has been used as an affinity chromatography binder for antibody immobilization and purification. Protein G has an acidic pH optimum for binding relative to another bacterial Fc receptor Staphylococcus aureus protein A. The harsh elution conditions are likely to induce acidic conformational changes in antibodies (25, 26) during the purification procedure, causing aggregation that is problematic for pharmaceutical applications. The usefulness of the histidine-mediated electrostatic repulsion for antibody purification was examined by constructing affinity chromatography columns. Using the designed mutants, we analyzed the molecular basis of the histidine-mediated interaction from a kinetic, thermodynamic and structural perspective. The observed data revealed functional and structural consequences for the introduction of histidine residues. Analysis of our results provides a guideline for the design of pH-dependent protein-protein interactions.
EXPERIMENTAL PROCEDURES
Materials-Human Fc was prepared by papain digestion of human monoclonal IgG, Trastuzumab (Chugai Pharmaceutical Co., Ltd., Tokyo, Japan). Briefly, IgG was dialyzed against 20 mM phosphate buffer containing 10 mM EDTA, and then digested by using ImmunoPure ® Fab preparation kit (Pierce, Rockford, IL) in accordance with the manufacture's instruction. Fc was purified with MabSelect SuRe (GE Healthcare, Piscataway, NJ), followed by DEAE Sepharose Fast Flow (GE Healthcare) and size exclusion chromatography by using Superdex 200 (10/300) (GE Healthcare). Purity of the prepared Fc was confirmed by SDS polyacrylamide gel electrophoresis (PAGE) and mass analysis using a Voyager MALDI-TOF MS (Applied Biosystems, Beverley, MA) instrument. Protein Design-The coordinates of the crystallographic structure of protein G B1 domain complexed with human Fc were obtained from the Protein Data Bank (PDB code, 1FCC). The solvent accessible surface area (SASA) was calculated by using Surface Racer 3.0 (27) . The degree of solvent exposure of a side chain was determined by the equation of fSASA = SASA (Native) / SASA (Denatured) where the denatured structure was estimated using a GlyXaaGly tripeptide model. The length between the charged atoms was calculated by using program CONTACT in the CCP4 suite (28). Protein preparation-Gene fragments of protein G B1 variants were synthesized by using overlap extension PCR with four kinds of oligonucleotides (56-59 bp) purchased from Rikaken (Nagoya, Japan). For expression of the protein G variants, amplified gene fragments were digested with NcoI/BamHI and then ligated into pET16b (Novagen, Madison, WI). Escherichia coli strain BL21 (DE3) was transformed with the plasmid vector and cultured in 2×YT media containing 100 μg/ml ampicillin. Recombinant gene expression was induced by the addition of isopropylthio-β-D-galactopyranoside to a final concentration of 1 mM. Cell growth was then continued for 4 hours before harvesting. The cells were sonicated and protein G was purified from the cell lysate by IgG Sepharose 6 Fast Flow chromatography (GE Healthcare), followed by Resource S cation exchange chromatography (GE Healthcare). Purity of the sample was confirmed by tricine-SDS-PAGE and mass spectrometry using a Voyager MALDI-TOF MS (Applied Biosystems) instrument. Overall net charges on proteins at acidic and neutral conditions were estimated by capillary zone electrophoresis and dynamic light scattering measurements (see Supplemental Information in detail).
Protein G variants fused with a biotin tag were prepared using the ChampionTM pET104 BioEaseTM Gateway ® Expression System (Invitrogen, Carlsbad, CA). Briefly, a gene fragment of a protein G variant was introduced into pET104.1-DEST (Invitrogen). The fusion proteins were expressed in accordance with the manufacturer's instructions and purified on an IgG Sepharose 6 Fast Flow (GE Healthcare) microspin column.
Stability analysis-Circular dichroism (CD) spectra and CD melting curves were recorded on a J-805 spectropolarimeter. Proteins were dissolved at 25 μM in 50 mM sodium phosphate buffer (pH 6.8). Spectra were measured at various temperatures and represented in units of molecular ellipticity per mole of residue (MRE). Melting curves were obtained by monitoring the ellipticity at 222 nm while raising the sample temperature from 293 to 373 K at a heating rate of 1.0 K/min. Thermal denaturation of all proteins was partially reversible, as judged by recovery of the spectra (60-95%) upon cooling. The thermodynamic parameters of proteins for equilibrium unfolding were obtained through fitting calculation using a two-state transition model (29) on the assumption that heat capacity changes of all proteins are constant and fixed to the value of wild-type domain (ΔC p = 2.7 kJ/mol·K) (30) . Numerical fitting calculations were carried out using IGOR software (Wavemetrics, Inc., Lake Oswego, OR). Other procedures were the same as described previously (31) . Dissociation assay of immobilized protein G variants-Surface plasmon resonance (SPR) assay was performed to validate binding and dissociation of designed mutants at neutral and acidic conditions by using Biacore T100 (GE Healthcare). 1000 resonance units (RU) of a protein G variant fused with a biotin tag was immobilized on a sensor chip SA (GE Healthcare) via biotin-streptavidin binding. Human IgG (1 μM) dissolved in running buffer (10 mM HEPES, 150 mM NaCl, 0.05% surfactant Tween 20, pH 7.4) was injected for 3 minutes, and then dissociated by acidic buffer (10 mM sodium acetate, pH 5 or 4) for 1 minute. Dissociation ratio of the captured IgG was calculated by the amount of captured and released IgG. Affinity chromatography-A protein G variant fused with a biotin tag was applied to a HiTrap streptavidin HP column (GE Healthcare) and immobilized on the resin via biotin-streptavdin binding, followed by washing with 0.5 M acetic acid (pH 2.5). Affinity chromatography was performed with an AKTA purifier (GE Healthcare) using the prepared protein G columns. Human IgG was injected onto the column under TST buffer (50 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.05% Tween20). The captured IgG was eluted with a decreasing pH gradient by using 50 mM trisodium citrate (pH 7.0) and 0.5 M acetate (pH 2.5). The obtained chromatogram was processed by UNICORN version 4.12 (GE Healthcare). Kinetic and thermodynamic analysis of soluble protein G variants-Kinetics and thermodynamics of protein G variants were analyzed using a Biacore T100 (GE Healthcare). Series S sensor chip CM5 and CM4 were used for measurements under neutral and acidic conditions, respectively, because CM4 sensor chips were effective in preventing analytes from adsorbing onto a negatively charged chip surface under acidic conditions. 1200 RU of Fc was immobilized on the sensor chips via primary amine groups using N-hydroxysuccinimide (NHS) and 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC). For a reference cell, another flow cell was blocked with 1 M ethanolamine. Binding assay was performed under various buffer conditions as follows: (i) 20 mM Tris-HCl (pH 8.5), 150 mM NaCl, Tween20 (0.05%), (ii) 10 mM HEPES (pH 7.4), 50, 100, 150, and 500 mM NaCl, Tween20 (0.05%), (iii) 10 mM MES (pH 6.5), 150 mM NaCl, Tween20 (0.05%), (iv) 10 mM sodium acetate (pH 5.5), 150 mM NaCl, Tween20 (0.05%), (v) 10 mM sodium acetate (pH 4.5), 50, 100, 150, and 500 mM NaCl, Tween20 (0.05%), (vi) 10 mM sodium acetate (pH 4.0), 150 mM NaCl, Tween20 (0.05%). The binding data on protein G-Fc interaction was fitted to a 1:1 binding model to determine kinetic and thermodynamic parameters by using Biacore T100 Evaluation software. X-ray crystallography-Protein G mutants, GB09 and GB0919 (see the result section), were dialyzed against 10 mM Tris-HCl (pH 7.4) buffer. Crystal growth conditions were screened by using Crystal Screen 1 and 2 TM (HAMPTON RESEARCH, Riverside, CA) and Wizard I and II TM (Emerald Biosystems, Bainbridge Island, WA). After optimizing conditions, GB09 crystal was obtained by using hanging drop vapor diffusion under 40% PEG8000, 0.2 M ammonium sulfate, 10 mM Tris-HCl (pH 8.0). GB0919 was crystallized under the following conditions: 70% MPD, 20 mM HEPES (pH 7.4). Before collecting diffraction data of GB0919, the crystal was soaked into 70% MPD, 20 mM sodium acetate (pH 4.5) for 1 hour. The diffraction data was collected under cryogenic conditions (100 K) at Photon Factory BL-6A (Tsukuba, Japan), and processed by HKL-2000 (32) . The crystal structures were determined by molecular replacement (Molrep) (33) using a wild-type protein G B1 coordinate (PDB code, 1PGB), refined by using CNS (34), REFMAC5 (35) and Coot (36).
To elucidate the interaction mechanism, the structure of GB0919-Fc complex was modeled. The complex structure was constructed by superposing GB0919 coordinates onto the PG-Fc coordinates, deleting water molecules that were buried within van der Waals radius and clashed with Fc surface, followed by energy minimization using program MOE (Chemical Computing Group).
RESULTS

Introduction of electrostatic repulsion into a binding interface.
The two structures, free and Fc-complexed protein G B1 (PDB code; 1PGB and 1FCC, respectively), can be superposed with a relatively low Cα root mean square deviation (RMSD) of 0.57 Å. The conformational change of protein G during binding was negligible. The result shows the structural rigidity of protein G during protein G-Fc interaction, indicating that the pair was suitable to the application of electrostatic repulsion based on a rigid body model.
Using the crystallographic structure of the protein G-Fc complex, we searched positively-charged residues under acidic conditions (histidine, lysine and arginine residues) on the Fc surface then calculated the length between these positively-charged residues and the protein G surface. To efficiently design a pH-sensitive interaction, it is essential that histidine should be located near positively-charged residues of a ligand closely enough to cause effective electrostatic repulsion at the binding interface. Mutated positions were selected in accordance with the following two criteria (i) the side chain of the residue must be more than half exposed to solvent (ii) the residue must be positioned within 8 Å from positively-charged residues on the binding interface of Fc (Figure 1 , inset). The solvent accessible surface area (SASA) of a side chain was calculated to validate the degree of solvent exposure. After evaluation, five residues of protein G (Asp22, Gln32, Asn35, Asp40 and Glu42) were selected as candidates for histidine substitution (Table 1) .
For practical reasons, we chose a stabilized protein G B1 mutant, termed GB09, as a template for histidine introduction. GB09 is a quadruple mutant (Asp36Glu, Asn37His, Asp47Pro, Ala48Glu) previously generated in our laboratory using a structure-based design (Honda et al., in preparation) that proved to be more stable than wild-type (ΔΔG U-F = 6.5 kJ/mol in GdmCl denaturation measurements). The improved structural stability of GB09 could cancel out unfavorable influences in the application of protein engineering techniques where accumulating mutations often destabilize the target protein. In addition to the improved stability, GB09 fully retains the original affinity for IgG Fc because the four mutated points in GB09 do not correspond to key residues critical for binding. Furthermore, GB09 contains a histidine residue at position 37 separated by 9.5 Å from His433 on Fc. We anticipated that this spacing would be useful for investigating the distance limit for effective electrostatic repulsion.
We performed capillary zone electrophoresis to confirm that the introduced histidine residues were positively charged at acidic conditions (Supplemental Figure S1 ). The histidine introduction resulted in an increase in the net charge on GB0919 surface, suggesting that the introduced histidine residues His32, His40, and His42 were protonated as we expected and could cause electrostatic repulsion at the binding interface.
Dissociation properties of histidine-introduced protein G mutants. We examined the effect of histidine substitution on acidic dissociation using SPR. Protein G variants fused with a biotin tag were immobilized on a sensor chip SA via biotin-streptavidin binding. After being injected and captured on the sensor chip, human IgG was dissociated with acetate buffers (pH 5.0 or 4.0) (Figure 2 ). The IgG captured by wild-type protein G (termed GB01) remained bound on the sensor chip by pH 4.0 acidic buffer. In contrast, histidine-introduced mutants gradually released the bound IgG. Even a single point mutation in GB09 (GB0913 i.e., Asp40His) caused a significant dissociation of the captured IgG from the sensor chip after 1 min exposure to the acidic buffer (pH 4) as shown in Figure 2 and Table 2 . Histidine substitution generally changed the dissociation properties of mutants under acidic conditions. Exceptionally, GB0912 (Asn35His) reduced the binding activity to fully capture the injected IgG ( Figure 2 ). This reduction in binding was probably due to the replacement of Asn35, a residue forming two hydrogen bonds with Fc residues and critical for association with IgG (Table 1) , experimentally inferred by alanine scanning mutagenesis (37). The other mutants retained innate binding to IgG by conserving energetically important residues. Each point mutation could be combined for higher pH sensitivity, yielding GB0919 (Asp40His, Glu42His, Gln32His) and GB0920 (Asp40His, Glu42His, Gln32His, Asp22His). The combination of these substitutions showed successful improvement in pH sensitivity with dissociation ratio of 76% for GB0919 and of 78% for GB0920.
Affinity chromatography performed under milder conditions. Using the histidine introduced mutants, we prepared affinity columns for antibody purification and examined the influence of histidine substitution on the elution profile of the column. As shown in Figure 3 , IgG captured by GB01 was eluted by a decreasing pH gradient with the elution peak position of pH 3.1. The pH-sensitive mutants generated by histidine substitution steadily altered the elution profile from a peak position of pH 3.1 to 4.3 as the number of substitutions increased (Figure 3 ). To date, Staphylococcus aureus protein A is widely used for purification of therapeutic antibodies because a protein G-based affinity column generally needs harsh elution conditions compared to protein A columns. In our experiment, an affinity column based on protein A Z domain (AZ01) showed the elution peak of pH 4.2. The results obtained from the histidine mutants, particularly GB0919 and GB0920, were comparable to the elution profile of the protein A Z domain. This observation demonstrates the practical usefulness of these mutant proteins for antibody purification.
The influence of histidine substitution on thermal stability. CD spectra demonstrated that the secondary structure content for GB0919 and GB0920 were very similar to those of GB01 and GB09 (Figure 4a ). CD melting measurements showed the cooperative transition in the thermal denaturation of these protein samples (Figure 4b ). GB0919 had a midpoint of transition during thermal denaturation (T m ) of 359 K, showing stability comparable to GB09 (361 K) and superior to that of GB01 (351 K). However, the T m of GB0920 (Asn22His in GB0919) decreased by almost 5 degrees as compared with that of GB01. In the crystal structure of protein G B1 domain, Asn22 closely contacts with neighboring Thr25 and supports the local conformation. Avoiding the loss of this local contact, GB0919 could maintain the thermal stability.
Kinetic analysis of histidine-introduced mutants. Using SPR system, we analyzed kinetics and pH dependence of binding affinity of the three protein G variants: GB01, GB09 and GB0919. The dissociation equilibrium constant (K D ) of these variants measured in HBS (10 mM HEPES, 150 mM NaCl, 0.05% Tween20, pH 7.4) were determined to be 4.9 ± 0.2 × 10 -7 M for GB01, 2.9 ± 0.6 × 10 -7 M for GB09 and 4.3 ± 0.8 × 10 -8 M for GB0919 (Figure 5a ). Because key residues critical for the interaction were conserved, the histidine substitutions did not induce a loss in binding affinity under physiological conditions. Rather, the affinity of GB0919 was increased by a factor of 11 compared to that of GB01.
SPR analysis at various pH values confirmed that GB0919 exhibited highly pH-sensitive binding compared to GB01 and GB09. As shown in Figure 5b , GB0919 showed the maximum affinity at physiological pH whereas both GB01 and GB09 had the maxima at a pH value of around 5.5, at which the affinity of GB0919 was lower than those of GB01 and GB09. Thus, histidine introduction shifted the pH optimum of binding, thereby enhancing pH sensitivity. Moreover, the K D of GB0919 was increased more than 80-fold by varying the pH from 7.4 to 4.0, which is clearly distinguishable from the pH dependence displayed by GB01 and GB09 ( Figure 5c ). As expected, GB09 was similar in pH dependence of affinity to that of wild-type GB01.
We surveyed the influence of ionic strength on dissociation behavior under slightly acidic conditions. As suggested by capillary electrophoresis ( Figure S1 ), GB0919 was positively charged at pH 4.5 as a result of histidine introduction. The K D observed at pH 4.5 increased with decreasing ionic strength ( Figure  6a) , and the changes were mainly due to an increase in dissociation rate constant (Figure 6b ). The effect of histidine substitution on the K D and k off were clearly evident in low ionic conditions, but were nullified in 500 mM NaCl.
Thermodynamic consequence of the histidine introduction. To analyze the energetics of the histidine-mediated interaction, we analyzed the thermodynamics of the binding based on van't Hoff plots and Eyring plots of the obtained kinetic parameters. At low ionic strength (50 mM NaCl), where the effect of histidine-substitution was most enhanced, van't Hoff plots of GB0919 showed almost no temperature dependency in contrast to that of GB01 (Figure 7 ). This observation indicates that a difference in van't Hoff enthalpy between the bound and unbound states (ΔH) was modulated by the histidine-substitution. As shown in Figure 8 , the thermodynamic comparison of GB0919 to GB01 revealed that the affinity loss of GB0919 under acidic conditions was due to unfavorable enthalpic changes, which are strongly dependent on ionic strength as seen in our kinetic analysis. As the ionic strength decreased (i.e., 500 to 50 mM NaCl) ΔH for GB0919 increased by more than 30 kJ/mol (Figure 8b ). In contrast, GB01 binding at pH 4.5 and GB0919 binding at pH 7.4 did not show such a marked ionic strength dependence of enthalpy change. Indeed, under these conditions, the changes in ΔH over the NaCl concentration range for GB01 and GB0919 were within 6 and 3 kJ/mol, respectively ( Figure  8a and 8d) .
While the introduction of histidine-mediated electrostatic repulsion succeeded in modulating binding enthalpy, we observed a significant entropy gain, i.e., enthalpy-entropy compensation (38). Under low ionic strength conditions, GB0919 binding to Fc was driven by a favorable entropy change (Figure 8b) . The enthalpy-entropy compensation diminished with increasing ionic strength. By contrast, ΔH and ΔS of GB0919 binding at pH 7.4 varied little over the NaCl concentration range. The high affinity of binding of GB0919 at pH 7.4 can be attributed to a favorable change in both enthalpy and entropy.
Transition state analysis provided us with more detail information on the histidine-mediated interaction. For both GB0919 and GB01, Eyring plots exhibited temperature dependence of k on and k off that showed the obvious existence of an enthalpy barrier, whereas little temperature dependence of K D of GB0919 was observed under the acidic and low ionic strength conditions (pH 4.5, 50 mM NaCl) ( Figure 7 ). As illustrated in Figure 9 , the histidine mutations resulted in an increase in association enthalpy (ΔH ass ) and a decrease in dissociation enthalpy (ΔH diss ), or higher enthalpy barrier for association and lower for dissociation, leading to the loss of total binding enthalpy change (ΔH). The enthalpy changes in GB0919 were markedly influenced by ionic strength whereas wild-type GB01 showed almost negligible changes. Although the histidine introduction affected both association and dissociation phase, the loss of enthalpy was more attributed to lowering the dissociation barrier rather than raising the association phase (the changes in ΔH ass and ΔH diss are 9 and 22 kJ/mol, respectively) ( Figure 9 ). The association and dissociation enthalpy changes induced by histidine introduction that succeeded in improving pH sensitivity were, however, compensated by significant entropy gains. In the association phase for GB0919 binding at pH 4.5 the entropic term (-TΔS ass ) was almost negligible (1.1 kJ/mol). Thus, the Gibbs free energy barrier (ΔG ass ) was essentially the enthalpic term.
Structural validation of the designed mutants.
Crystal structures of the designed mutants, GB09 and GB0919, were determined at 1.4 and 1.6 Å resolution, respectively. To examine the behavior of GB0919 under acidic conditions, the diffraction data of GB0919 was collected after soaking the crystal in acidic buffer (70% MPD, 20 mM sodium acetate pH 4.5). We compared the overall structure of wild-type protein G B1 with the histidine mutants. The structures of wild-type, GB09 and GB0919 could be superposed with a Cα RMSD of 0.57 Å to 0.71 Å (Figure 10 ). This was despite the fact that wild-type protein G and GB0919 structures were resolved under acidic conditions (pH 4.0-4.5), and GB09 was resolved under neutral conditions. Hence, the slightly acidic conditions did not induce considerable conformational change and the rigidity of the domain was maintained. Therefore, the introduced histidine residues must participate in electrostatic repulsion between protein G and Fc as the rigid body model implies. Asn22 in GB0919, whose elimination reduced the thermal stability, formed hydrogen bonding with the amide nitrogen of Thr25 as in the case of the wild-type protein G. This demonstrates that the lack of hydrogen bonding between Asn22 and Thr25 caused the destabilization observed in GB0920.
The three-dimensional configuration of functionally important residues supports the evidence that the rigid body model retained the innate binding ability. According to a report on alanine scanning mutagenesis, based on the crystal structure of the protein G-Fc complex (37), six residues (Glu27, Lys28, Lys31, Asn35, Trp43, Tyr45) play energetically important roles in the binding process. Superposition of these side chains of wild-type, GB09 and GB0919 indicates that the GB0919 side chains adopts an almost identical arrangement to those of wild-type; RMSD of the wild-type protein G side chains ranged from 0.90 Å to 0.923 Å (Figure 10b ). This result demonstrates that the role of the key residues was generally conserved after histidine substitution, and that the introduced histidine residues provided an additional function of pH sensitivity for the protein G-Fc interaction without loss of the innate binding. Furthermore, a model structure of GB0919 and Fc complex showed that two of the three introduced histidine residues, Asp40His and Glu42His, contacted with Asn434 and Gln311 by hydrogen bonding, respectively, suggesting a contribution of the histidine residues to binding ( Figure 11) .
Examination of the histidine-introduced sites illustrated that the histidine residues held clustered water molecules. Comparison of GB0919 to GB09 suggests an increase in the number of solvated water molecules particularly in the histidine-introduced area (Figure 12a ). The space formed by His40 and Trp43 accommodated a cluster of water molecules supported by hydrogen bonding via nitrogen atoms of the histidine imidazole ring and the tryptophan indole ring (Figure 12b) . Binding of GB0919 to Fc probably desolvates some of these water molecules, which is highly likely to contribute to the entropy gain in the interaction. Thus, the thermodynamic and structural data presented herein are entirely consistent.
DISCUSSION
Protein
engineering for an environment-responsive interaction. Biomolecules generally display a high level of affinity and specificity for their respective ligand. A further characteristic feature of certain biomolecules is ligand binding with environmental responsiveness. Herein, we have applied an effective way of engineering pH-dependent ligand binding to a system that displayed very weak pH-dependency. We propose a set of guidelines on the basis of a rigid body model in which introduction of histidine-mediated electrostatic repulsion into a binding interface facilitates the acidic dissociation in response to a shift in pH. The following criteria have to be carefully considered: (i) distance between charged atoms; (ii) conservation of key residues critical for binding and conformational stability.
Given that electrostatic interaction critically depends on distance between charged atoms, we systematically determined the length and position of charged residues on protein G and Fc by structural analysis. The introduction of histidine at candidate positions, within a distance of 8 Å between protein G and Fc at the binding interface, drastically improved pH sensitivity. However, GB09 that contained histidine mutation Asn37His exhibited little or no improvement in pH sensitivity as shown by the SPR analysis. Because Asn37 is separated by 9.5 Å from His433 on Fc, we can conclude that a distance of 7-8 Å is a likely threshold for effective electrostatic repulsion.
The conservation of hot spot residues was also required to retain the innate ligand binding. This was partly demonstrated by the affinity loss observed in GB0912 (Asn35His). It is reported that Asn35Ala results in a decrease in affinity (ΔΔG of 10 kJ/mol) (37). According to the report, ΔΔG as a result of Asp40Ala and Glu42Ala are 1.3 and 1.7 kJ/mol, respectively. Indeed, substitutions at these sites, such as GB0913 (Asp40His) and GB0914 (Glu42His), did not affect affinity to Fc. Structurally, Asn35 forms two hydrogen bonds with 433His and 434Asn on Fc. By contrast, Glu42 forms only one hydrogen bond with Fc residues, and Asp40 is not involved in any hydrogen bonding system. Numerical information on energetic and structural aspects of the interaction is critical for the rational design of pH-dependent ligand binding.
The introduction of multiple histidine substitutions does not necessarily reduce structural stability so long as the substitution does not eliminate structurally critical residues in the target protein.
Asn22His caused the destabilization (ΔT m = -4.6 K) owing to the loss of hydrogen bonding with neighboring Thr25, as illustrated in the GB0919 crystal structure. The fractional change in fSASA of Asp22 was 0.56, shows that the side chain is partly buried compared to other candidate residues (Table 1) . Extensive examination of a template structure from this perspective can be indispensable in avoiding unfavorable destabilization by histidine substitution.
High resolution crystal structure of the designed mutants made it possible to validate our strategy for improving pH sensitivity based on a rigid body model. The GB0919 crystal structure resolved under acidic conditions had an almost identical conformation to that of wild-type protein G (Cα RMSD of 0.57 Å), strongly supporting the rigid body model we adopted for the interaction. The rigidity was also needed to conserve side chain orientation of key residues for maintaining the innate ligand binding. The configurations of these key residues were retained after histidine introduction (RMSD of 0.90 Å). Thereby, GB0919 fully maintained the innate binding function with improved pH-sensitivity.
The combination of substitutions aimed at introducing electrostatic repulsion into the binding interface additively enhanced pH sensitivity. The designed mutants GB0919 and GB0920 showed highly improved pH sensitivity comparable to protein A (Figure 3) . The rigid body model is expected to be cumulative with each successive mutation, provided the criteria for designing the substitutions are strictly applied. In this way the design methodology for enhancing pH sensitivity is rendered more predictable, straightforward and versatile. Here, we summarize the experimentally-confirmed guidelines on histidine-mediated electrostatic repulsion as follows: the distance between charged residues for effective electrostatic repulsion is up to 7-8 Å; energetically and structurally critical residues have to be conserved; the combination of these histidine introductions additively affects the pH sensitivity.
How electrostatic modulations affect the protein-protein interaction. SPR analysis revealed the mechanism of histidine-mediated interaction in detail. Energetically, the pH-sensitive dissociation of GB0919 was achieved by an unfavorable enthalpy change (i.e., increase in ΔH) under acidic conditions. The ionic-strength-dependence of the enthalpy change indicates that a key factor in the pH-sensitive interaction is electrostatic. We should note that under neutral conditions GB0919 binding showed little dependence on ionic strength. Therefore, it is reasonable to infer that the reduction of exothermic heat is due to electrostatic repulsion mediated by the protonated histidine. If the main cause of the loss in affinity is electrostatic repulsion, it must affect both association and dissociation of the interaction. Indeed, the histidine substitution increased the activation enthalpy barrier for binding and lowered the barrier for dissociation (Figure 9 ).
Although histidine introduction effectively decreased the affinity under acidic conditions, unexpected results also occurred at both neutral and acidic pH. Firstly, the affinity of GB0919 was significantly enhanced by a factor of 11 under physiological conditions, posing an energetically and structurally intriguing question as to how the introduced histidines drove the enhancement in affinity. Thermodynamic results showed that the affinity enhancement of GB0919 was due to both favorable enthalpy and entropy changes. A modeled structure of GB0919 and Fc complex suggested that two of the three introduced histidine residues, Asp40His and Glu42His, contacted with Asn434 and Gln311 on Fc by hydrogen bonding, respectively (Figure 11) . The possible bond formation may compensate for the lack of Glu42-Gln311 interaction and contribute to the higher affinity. In addition, the replacement of Glu42 located at the distance of 5.9 Å from Asp315 on Fc should eliminate the electrostatic repulsion between these negatively-charged residues at neutral conditions. This is consistent with the thermodynamic observation that GB01 bound in an ionic-strength-dependent manner at pH 7.4 ( Figure 9 ). We also anticipate that desolvation is partly responsible for the entropy gain caused by the introduction of a bulky imidazole ring. Conformational entropy gain is unlikely to be responsible for the favorable entropy change. An imidazole ring of histidine could serve as a multifunctional group in protein-protein interactions and be suitable for modulation and/or generation of a novel interaction.
We also found enthalpy-entropy compensation under acidic conditions. On the one hand, histidine-mediated electrostatic repulsion markedly reduced exothermic heat, whilst on the other hand a large entropy gain compensated for the enthalpy change (Figure 8b ). The enthalpy-entropy compensation also depended on ionic strength. Because this dependence was observed only under acidic conditions and not at pH 7.4 (Figure 8d) , we conclude that the compensation correlated with histidine protonation. Such entropy changes would be related to solvent behavior because the GB0919 and Fc structures remained almost unchanged at pH values between 4.1 and 8.0 as has been discussed previously (18) . Structural examination of GB0919 at pH 4.5 suggested the presence of water molecules in a space formed by Asp40His and adjacent Trp43 (Figure 12) . A likely explanation for the entropy gain is that the clustered water molecules become excluded upon binding to Fc, thereby resulting in partial suppression of the ideal improvement of pH sensitivity. Our results imply that there is a trade-off between electrostatic repulsion and formation of an ordered hydration structure (in other words, a trade-off between enthalpy and entropy) in the acquisition of such pH sensitive mechanism. Naturally occurring pH-sensitive proteins have probably evolved so as to maximize the pH sensitivity in the context of enthalpy-entropy compensation.
Despite its great utility, there are only a limited number of research papers in the literature describing the modulation of pH sensitivity for protein-protein interactions (11, 22, 23) . Indeed, there are few reports describing a detailed molecular and structural analysis of an artificially designed pH-sensitive binding event. The data obtained here reveals the mechanism of histidine-introduced interactions. In summary, as anticipated, the introduction of histidine residues functioned to modulate the enthalpy change. However, for further improvement of pH sensitivity, factors causing entropy changes as a result of desolvation, which drives the enthalpy-entropy compensation, need to be addressed. This implies the importance of taking hydration structure into consideration for structure-based computational design of pH-dependent protein-protein interactions. Extensive examination of the site around the mutated position can be effective in solving the problem. The results described in this paper will greatly assist the design of mutant proteins for modulating pH sensitivity and further improve environmental responsiveness.
Conclusion. On the basis of electrostatic repulsion in a rigid-body model, substitution of histidine residues successfully improved the pH sensitivity of interaction between protein G and immunoglobulin Fc region. The observations described herein will be useful from an industrial perspective because the methodology could be applied to the purification of therapeutic antibodies under mild conditions. Kinetic and thermodynamic analysis demonstrated that the introduced histidines improved pH sensitivity by electrostatic repulsion that significantly modulated the binding enthalpy. The reduced enthalpy was partly compensated by entropy gain, probably caused by desolvation of clustered water molecules around the introduced histidine residue and the adjacent tryptophan residue as illustrated by crystal structures of the mutants. These results provide us with an experimental framework to analyze the introduction of histidine residues into a binding interface. The multifunction role of an imidazole ring serves as a modulator for the interaction. For further improvement of pH sensitivity, our data highlights the importance of the effect of hydration in the design process. The atomic coordinates and structure factors (code 2ZW0 for GB09 and 2ZW1 for GB0919) have been deposited in the Protein Data Bank. Figure 1 . A schematic model for introduction of histidine-mediated electrostatic repulsion into the binding interface between protein G (GB) and Fc. Protein G residues positioned closely to basic side chains (depicted as "B") on Fc were systematically identified by distance calculations, and mutated into histidine to cause electrostatic repulsion under acidic conditions. Inset shows an example of candidate positions for the mutation. 
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